Atm gene-disrupted mice recapitulate the majority of characteristics observed in patients with the genetic disorder ataxia-telangiectasia (A-T). However, although they exhibit defects in neuromotor function and a distinct neurological phenotype, they do not show the progressive neurodegeneration seen in human patients, but there is evidence that ataxia-telangiectasia mutated (Atm)-deficient animals have elevated levels of oxidized macromolecules and some neuropathology. We report here that in vitro survival of cerebellar Purkinje cells from both Atm "knock-out" and Atm "knock-in" mice was significantly reduced compared with their wild-type littermates. Although most of the Purkinje neurons from wild-type mice exhibited extensive dendritic elongation and branching under these conditions, most neurons from Atm-deficient mice had dramatically reduced dendritic branching. An antioxidant (isoindoline nitroxide) prevented Purkinje cell death in Atm-deficient mice and enhanced dendritogenesis to wild-type levels. Furthermore, administration of the antioxidant throughout pregnancy had a small enhancing effect on Purkinje neuron survival in Atm gene-disrupted animals and protected against oxidative stress in older animals. These data provide strong evidence for a defect in the cerebellum of Atm-deficient mice and suggest that oxidative stress contributes to this phenotype.
Introduction
The most debilitating characteristic of the human genetic disorder ataxia-telangiectasia (A-T) is progressive neurodegeneration (Sedgwick and Boder, 1991) . Ataxia is usually the earliest sign of the disorder, manifested as instability of gait associated with inappropriately narrow-base and lack of coordination of head and eyes (Boder, 1985) . Prominent features developing at a later stage include dyssynergia and intention tremor, diminution of deep reflexes, and characteristic facies and postural attitudes caused by the cerebellar hypotonia and oculomotor signs, including apraxia of eye movement, fixation of gaze, nystagmus, and strabismus (Boder, 1985) . Progressive atrophy of the cerebellar cortex is the most prominent but not the only neuropathological change in A-T (Boder, 1985) . At autopsy it is evident that Purkinje cell numbers are reduced, ectopically located in the molecular layer, and a thinning of the granule cell layer also occurs (Sedgwick and Boder, 1991) . Assessment of different neurological functions altered in A-T patients correlated well with age, and it appeared that severe and mild forms of the disease could be distinguished using these criteria (Crawford et al., 2000) .
Mutations in the ataxia-telangiectasia mutated (ATM) gene give rise to A-T (Savitsky et al., 1995) . This gene encodes a protein that is a member of the phosphoinositide 3-kinase family , and activation of ATM by ionizing radiation leads to the phosphorylation of a multitude of substrates involved in recognition of double strand breaks in DNA and in cell cycle checkpoint activation (Shiloh and Kastan, 2001 ). Disruption of the Atm gene in mice produces a phenotype with many of the features of the human disease (Barlow et al., 1996; Elson et al., 1996; Xu et al., 1996; Herzog et al., 1998) . These mice are extremely sensitive to radiation, are immunodeficient, infertile, and deficient in cell cycle control after irradiation, and most of the animals develop malignant thymic lymphomas. A knock-in Atm mouse harboring an in-frame deletion corresponding to the common human ATM mutant 7636del9 showed most of the A-T characteristics but had a variant tumor phenotype (Spring et al., 2001 (Spring et al., , 2002 . Although neurologic abnormalities were described for Atm-deficient mice, none showed the gross neurodegenerative changes that characterize the human disease (Barlow et al., 1996) . In one study, however, Kuljis et al. (1997) , using electron microscopy, provided evidence of widespread neuronal degener-ation and glial activation in Atm Ϫ / Ϫ mice, but Barlow et al. (2000) failed to observe morphological disorders in any area of the cerebellum in the same mice. Borgeshani et al. (2000) reported ectopic and abnormally differentiated Purkinje cells in Atm mutant mice but again no gross cerebellar degeneration. Although the mouse models do not reflect the neurodegenerative phenotype of A-T patients, evidence for a more subtle defect at the level of the cerebellum exists at least in some cases. It has been suggested that the neuronal defect may arise as a consequence of oxidative stress for which there is evidence in A-T cells and in the cerebellum of Atm-deficient mice (Barlow et al., 1996; Gatei et al., 2001; Stern et al., 2002) .
To address the possible cerebellar abnormalities in Atmdeficient mice, we investigated Purkinje neuron survival and differentiation in vitro. We demonstrate reduced survival in cultured Purkinje cells from Atm knock-out and knock-in animals and a markedly reduced capacity for dendritic differentiation. Furthermore, correction of this phenotype with antioxidant suggests that oxidative stress contributes to a defective cerebellar phenotype in these mutants.
Materials and Methods
Atm-deficient mice. We used Atm knock-in mice (Atm-⌬ SRI/ ⌬ SRI ) harboring an in-frame nine nucleotide deletion, 7666del9 (Spring et al., 2001 ). In addition, Atm Ϫ / Ϫ mice were provided by P. Leder (Harvard Medical School, Boston, MA). In both cases their wild-type littermates were used as controls (129T2/SvEmsJ: C57 BL/6J).
Primary cultures of cerebellar Purkinje neurons. Culturing of cerebellar Purkinje cells was performed as described previously (Furuya et al., 1998) . Briefly, newborn mice (0 -1 d postnatal) were killed by decapitation, and individual cerebella were dissected and kept in cold HBSS. A section of tail was cut from each individual animal for genotyping. The cerebella were washed with HBSS once and digested with 0.1% trypsin at 35°C for 10 -15 min. The digested cerebella were rinsed twice with HBSS. Dissociation of the enzyme-treated cerebellum was done by gentle trituration in 0.05% DNase HBSS with an Eppendorf tip. After removal of the supernatant, dissociated cells were adjusted to a density of 5 ϫ 10 6 cells per milliliter with DMEM/F12 supplemented with 10% FCS, and 2 ϫ 10 5 cells were gently placed on each poly-L-ornithine-coated coverslip. Separate cultures were prepared for each animal. After 3-5 hr incubation under an atmosphere of 5% CO 2 , 25 l of growth medium [DMEM/F12 supplemented with N-2 (Invitrogen, Gaithersburg, MD; catalog #17502-048), BSA (100 g/ml), cytosine arabinonucleoside (2 m), gentamicin (10 g/ml), and tri-iodothyronine (0.5 ng/ml)] was added to each well.
Evaluation of Purkinje cells survival and differentiation. After 4 or 10 d in culture, cells were fixed with paraformaldehyde (4% w/v in 0.1 M sodium phosphate buffer, pH 7.0) for 30 min at room temperature. Purkinje cells were immunostained with anti-calbindin D-28K antibodies (C9848; Sigma, St. Louis, MO) and then with biotin-conjugated goat affinity-purified F(abЈ)2 fragments to mouse IgG (55596; ICN Biochemicals, Costa Mesa, CA) and avidin-biotin mixture (Vectastain ABC Kit). Finally, cells were reacted with DAB reagent, and coverslips were mounted with DePex mounting medium (BDH). Purkinje cells were counted using a bright-field optics microscope. Neurons were counted in 5 mm 2 fields for each animal, and statistical significance was established using a Student's t test, one-tailed distribution, two-sample equal variance. To determine the degree of differentiation, neurons were categorized by numbers of primary dendrites and secondary branches within these categories. Wild-type and ATM-defined Purkinje cells were evaluated for average number of secondary branches within specific categories. Statistical significance between the two animal types was determined using the Student's t test.
Antioxidant protection studies. Nitroxides are free-radical scavengers that offer protection against the lethal effects of ionizing radiation and also detoxify oxygen metabolites by redox cycling, which mimics the enzymatic action of superoxide dismutase. The fused aromatic moiety of the isoindoline skeleton provides resistance to the ring-opening reactions that are significant decomposition pathways for pyrrolidine and piperidine nitroxides and their oxoammonium salt redox partners (Bottle et al., 2000) . We have recently addressed the solubility limitations of the currently available isoindoline class of nitroxides by the synthesis of 5-carboxy-1,1,3,3-tetramethylisoindolin-2-yloxyl (CTMIO), a compound that preserves the advantages of the isoindoline systems while possessing water solubility up to ϳ2 mM (Bottle et al., 2000) . CTMIO was synthesized as described previously using bromine functionalization of the isoindoline ring followed by BuLi/CO 2 and oxidation to give the carboxy-substituted nitroxide in good overall yield (Bottle et al., 2000) . For primary cultures isolindoline nitroxide, CTMIO was used to protect Purkinje neurons against cell death caused by oxidative stress. Nitroxide was prepared as a stock solution in PBS (10 mM). Neuronal cultures were supplemented with 100 M CTMIO 3-6 hr after plating of the culture and at 48 hr time intervals for the duration of the culturing. Cells were fixed as described above, and survival or dendritogenesis was determined. For in vivo protection, the effect of nitroxide on Purkinje cell survival was also determined using previous administration of 100 M in 200 l of PBS to pregnant females before mating and at intervals of 72 hr thereafter throughout pregnancy. Once neuronal cultures were established from newborn mice, the same protocol as described above was used for the culturing period. In some experiments the effect of nitroxide was extended to investigate protection in animals up to 3 months of age. Here also pregnant animals were treated with nitroxide for the period of the pregnancy and to the weaning stage. After that the drinking water of litters was supplemented with 100 M nitroxide.
Assessment of effect of nitroxide on neurological status of Atm genedisrupted mice. In mice, disruption of the Atm gene gives rise to neuronal abnormalities (Borgeshani et al., 2000) , and there is evidence that oxidative stress contributes to the phenotype (Barlow et al., 1999; Stern et al., 2002) . We used two of the parameters reported in these studies, reduced catalase activity and evidence for the presence of 3-nitrotyrosine in the cerebella of Atm gene-disrupted mice, to assess protection by nitroxide. To determine catalase activity, cerebella were dissected from 2-monthold mice and homogenized in 400 l of 10 mM Tris-HCl, pH 7, containing digitonin (0.1 mg/ml) and 0.25 M sucrose at 4°C. Samples were kept on ice for 10 min before adding Triton X-100 at a final concentration of 0.1%. The mixture was vortexed, and catalase activity was determined by a decrease in absorbance of H 2 O 2 at 240 mM at 37°C. Protein was determined by the Bradford method for determination of specific activities. Protein damage as a consequence of oxidative stress was determined using immunocytochemistry with antibodies against 3-nitrotyrosine (Cell Signaling Technology, Beverly, MA). Cerebella were fixed in paraformaldehyde, and 5 m sections were prepared. Sections were incubated with antibody (1:50 dilution) for 16 hr, and 3-nitrotyrosine was detected using anti-rabbit IgG, HRP-linked antibody.
Results

Reduced survival of cerebellar neurons from Atm gene-disrupted mice
Cerebella were dissected from newborn mice to prepare mixed neuronal cultures in serum and glial cell-free conditions as described by Furuya et al. (1998) for embryonic rats. Staining for Purkinje cells with calbindin failed to detect these cells in 10 d serum-free cultures from Atm gene-disrupted mice, whereas Purkinje cells were observed in cultures from wild-type littermates (data not shown). Accordingly, cultures were established in a richer medium (DMEM/F12) containing 1% FCS to enhance the prospects of Purkinje cell survival in Atm mutants. Neuronal cultures were established for both knock-out (Atm
Ϫ / Ϫ mice do not express any Atm protein because the truncated forms are highly unstable (Barlow et al., 1996; Elson et al., 1996) , whereas Atm-⌬ SRI/ ⌬ SRI mice express near full-length Atm mutant (2556del3) protein (Spring et al., 2001 (Spring et al., , 2002 . In Atm-⌬SRI litters, the survival of homozygous mutant Purkinje cells was Ͻ60% of that for wildtype littermates after 4 d in culture ( p Ͻ 0.008) and ϳ40% after 10 d ( p Ͻ 0.02) ( Table 1 ). The corresponding survival levels for Atm Ϫ / Ϫ Purkinje cells were 40% ( p Ͻ 0.05) and 30% ( p Ͻ 0.02) of their wild-type littermates (Table 1) . When medium conditioned with cerebellar astroglial cells prepared from normal wildtype mice as described by Furuya et al. (2000) was added to the Atm-deficient cultures, survival was enhanced from 40 to 60% after 10 d in culture (data not shown).
Nitroxide antioxidant protects Atm-deficient Purkinje cells against cell death
Nitroxides are stable free radicals that protect against oxidative and radiation-induced cytotoxicity (Hahn et al., 1994) . These molecules scavenge other free radicals and act as superoxide dismutase mimics (Damiani et al., 2000) . We have recently addressed the solubility limitations of currently available isoindoline nitroxides by synthesizing CTMIO (Bottle et al., 2000) , a compound that preserves the advantages of the isoindoline systems while possessing water solubility up to 2 mM (Fig. 1) . Because oxidative stress might contribute to enhanced cell death of Atm gene-disrupted Purkinje neurons, we determined whether CTMIO would protect these cells against cell death. For Atm-⌬SRI litters, CTMIO (100 M) did not appreciably affect the survival of Purkinje cells from the wild-type animals nor did it significantly change the 4 d survival of cells from Atm-⌬ SRI/ ⌬ SRI homozygote mice (Table 2) . It had a very significant effect, however, on 10 d cultures in which nitroxide-treated cells had survival values 77% of wild-type ( p ϭ 0.25) compared with 32% survival for untreated Atm-⌬SRI cultures ( p Ͻ 0.03) ( Table 2) . A similar pattern was obtained with Atm knock-out litters. A small effect in wild-type cell survival was observed but no enhanced survival for the Atm Ϫ / Ϫ 4 d cultures. After 10 d, however, treated cells had 59% of wild-type survival, double that recorded in untreated Atm cultures (31%) ( Table 2) . The difference between Atm Ϫ / Ϫ untreated and those treated with nitroxide was not significant ( p Ͻ 0.09) but can be explained by the smaller number of animals used in these experiments. These results suggest that disruption of the Atm gene leads to oxidative stress, which contributes to the reduced survival of Purkinje neurons in vitro.
Dendritic elongation and branching of Purkinje neurons
Maintenance of rat cerebellar Purkinje neurons under dissociated culture conditions leads to phenotypic maturation, in particular dendritogenesis of these neurons (Furuya et al., 1998 ). Here we determined whether mouse cerebellar Purkinje cell cultures undergo this phenotypic maturation and whether the defect in survival of Atm gene-disrupted cultures would be reflected in a deficiency in dendritogenesis. Purkinje cells were detected by calbindin staining and categorized on the number of primary dendrites, ranging from one to five. The results in Table 3 outline the numbers and percentages of neurons in the different categories for Atm-⌬SRI and Atm knock-out litters. For Atm-⌬SRI litters, neurons from wild-type animals had differentiated to give cells with primarily complex arborization patterns (three to five primary dendrites). Sixty-eight percent of these neurons were in this category, with 32% being in the more simple, less differentiated form (one to two dendrites) ( Table 3 ). Examples of these are shown in Figure 2 A. When nitroxide was added to these cultures, the pattern of arborization was much the same, with 69% of cells having three to five primary dendrites. On the other hand, Purkinje neurons from Atm-⌬ SRI/ ⌬ SRI homozygotes were poorly differentiated under these conditions, showing essentially a reversal of the pattern observed in wild-type cultures. Most of the cells had one to two primary dendrites (73%), whereas only 27% of cells had more than three dendrites (Table 3) . As is evident from Figure 2 B, these neurons are quite deficient in extent of arborization. As a further measure of complexity, we determined the number of secondary branches for both categories. For the simple branch category, there was an average of 4.3 Ϯ 1.2 secondary branches in the wild-type culture and 3.3 Ϯ 1.1 in the Atm-⌬SRI cultures ( p Ͻ 0.002). When complex-form dendrites were examined, the average number of secondary branches for wild-type cultures was 7.0 Ϯ 1.3 compared with 5.9 Ϯ 1.0 for Atm-⌬SRI ( p Ͻ 0.004). As was observed for survival of Atm-⌬SRI Purkinje cells, CTMIO antioxidant had a dramatic effect on dendritic elongation and branching (Fig. 3) . The pattern of dendritogenesis was much like that in wild-type neurons: 71% of cells showed a complex pattern, whereas 29% had one to two dendrites per cell body (Table 3) .
In Atm knock-out litters, Purkinje neurons from wild-type mice showed evidence of differentiation to the same extent as in their counterparts from the Atm-⌬SRI litters (Table 3) . Atm Ϫ / Ϫ homozygotes, however, were deficient in dendritogenesis, exhib- Figure 1 . Structure of the isoindoline nitroxide, CTMIO. This compound was synthesized as described by Bottle et al. (2000) and is water soluble up to 2 mM. iting 71% simple-form dendrites, and only 29% of cells had three to five primary dendrites. The effect of the antioxidant was also dramatic in this case, reversing the pattern of dendritogenesis to 77% complex form and 23% simple form. Here again the evidence points to oxidative stress as a contributor to the deficient dendritogenesis.
Effect of administration of antioxidant in vivo
To determine whether the oxidative stress arose as a consequence of culturing Atm-deficient neurons or whether it was inherent in these animals, we pretreated pregnant females with nitroxide. The compound (100 M) was administered intraperitoneally before mating and at intervals of 3 d thereafter, before birth of the litter. The results in Table 4 reveal that survival of Purkinje cells from Atm mutant mice from mothers treated with nitroxide was somewhat elevated (143 Ϯ 15.5 and 139 Ϯ 11.2) compared with results from untreated animals (113 Ϯ 18.7) after 4 d in culture. When nitroxide was also added to the cultures, survival was enhanced at the 10 d point compared with those in which nitroxide was not maintained, regardless of whether the mother was pretreated.
We also assessed the effect of previous in vivo administration of nitroxide on the cerebellum of mice 2 months after birth. In this case also, mice were treated with nitroxide during pregnancy and up to weaning. Nitroxide was then added to the drinking water of the litter up to 2 months of age. Clearly it was not possible to prepare neuronal cultures at this stage. Accordingly, two indicators of oxidative stress in the cerebellum, catalase activity and 3-nitrotyrosine, both of which are abnormal in the cerebellum from Atm gene-disrupted mice, were used to assess protection by antioxidant. As reported previously in fibroblasts (Kamsler et al., 2001; Stern et al., 2002) , catalase activity was significantly reduced in cerebellar extracts from Atm-⌬ SRI/ ⌬ SRI homozygotes compared with wild-type littermates, and previous in vivo treatment with nitroxide enhanced the level of activity to wild-type levels (Table 5 ). This was also the case for Atm knockout mice. Previous results have shown that Atm-deficient mice have elevated nitrotyrosine in the brain, a measure of oxidative stress (Barlow et al., 1999 ). Our results demonstrate that Purkinje cells from cerebella of Atm-⌬ SRI/ ⌬ SRI and Atm Ϫ / Ϫ homozygote mice have elevated levels of nitrotyrosine compared with wildtype (Fig. 4) . This staining was particularly evident in the Purkinje cell layer. Remarkably, when nitroxide was administered throughout the pregnancy and up to 2 months after birth, nitrotyrosine-positive Purkinje cells decreased significantly in Atm-⌬ SRI/ ⌬ SRI and Atm Ϫ / Ϫ animals (Fig. 4) .
Discussion
The data presented here provide additional evidence that neurodegenerative changes are part of the phenotype in Atm genedisrupted mice and that oxidative stress contributes to this phenotype. Gross neurodegeneration, characteristic of the human disease A-T (Boder, 1985) , has not been observed in Atmdeficient mice (Barlow et al., 1996; Xu et al., 1996) . It has been suggested that the early demise of Atm Ϫ / Ϫ animals from thymic lymphomas may conceal the development of neurodegenerative changes. Greater longevity in Atm-⌬ SRI/ ⌬ SRI mutant mice, with no evidence of neurodegeneration, failed to support this contention (Spring et al., 2001) ; however, closer inspection has revealed abnormalities in the cerebellum of Atm mutant mice. Electron microscopy has detected both subtle and gross neuronal abnormalities enriched in Atm Ϫ / Ϫ mice (Kuljis et al., 1997) ; however, Barlow et al. (2000) , using the same mice, did not observe any significant differences between wild type and Atm Ϫ / Ϫ when regions throughout the cerebellar cortex and the fastigial nucleus were evaluated by electron microscopy. No degenerating Purkinje cells were evident. Immunostaining of Purkinje cells from 4-to 12-month-old Atm y /y (Rad 3 homology domain replaced with neo r gene) revealed irregular patterns of cell dendrites (Borgeshani et al., 2000) . Visualization of dendritic trees with Lucifer yellow dye demonstrated premature branching from the cell body and projection at odd angles in the molecular layer. Changes in dendritic arborization correlated with reduced thickness of the molecular layer. Increased numbers of ectopically located Purkinje cells were observed in this layer, but Purkinje cells were present at normal density in these mice. Although most of the studies do not support gross morphological change in the cerebellum of Atm-deficient mice, there is good evidence for abnormalities at the molecular level (Barlow et at 1999; Watters et al., 1999; Kamsler et al., 2001; Stern et al., 2002) . It is not immediately obvious why such a difference exists between the mouse models and the human syndrome, but it could be attributable to species difference. The requirement for ATM in the developing brain of humans may be more critical, or redundancy mechanisms may exit in mouse neurons. We have exposed a defect in Purkinje cells in vitro by showing that Atm-deficient cells survive poorly and are markedly deficient in phenotypic maturation, as evidenced by abnormal dendritogenesis. Because these cells are not exposed to DNA damaging agents, it suggests that Atm functions at other levels in neurons. This is consistent with the predominantly cytoplasmic localization of Atm in Purkinje cells (Barlow et al., 2000) . In addition, Oka and Takashima (1998) have provided evidence for cytoplasmic localization of Atm in human Purkinje cells but did not include negative controls in their study. ATM has also been detected in the cytoplasm of proliferating cells but with much less abundance than in the nucleus (Watters et al., 1999) . Although activation of cytoplasmic ATM kinase has not been demonstrated, this enzyme is activated by insulin to phosphorylate e1F-4E-binding protein 1, which stimulates protein synthesis (Yang and Kastan, 2000) . ATM is also activated in response to nutrient deprivation downstream of Akt and a novel AMP-activated protein kinase, ARK5 (Suzuki et al., 2003) . Thus, ATM can respond to stimuli other than the appearance of DNA double strand breaks. Almost complete absence of radiation-induced apoptosis is observed in the hippocampal dentate gyrus, retina, cerebellum, and cerebral cortex of Atm-deficient mice (Herzog et al., 1998) ; however, less well differentiated cells of the subventricular zone exhibited radiation-induced apoptosis, albeit to a reduced extent, in Atm Ϫ / Ϫ mice. These results suggest that Atm functions at a developmental survival checkpoint to eliminate more mature neurons with excessive DNA damage. Our results point to an additional pro-survival role for Atm in maintaining the normal development of neurons. Expression patterns of Atm in human cerebellar neurons during development support this (Oka and Takashima, 1998) . Cerebellar neurons, particularly Purkinje cells, were positive for Atm during late prenatal and early postnatal periods followed by persistent and moderate reactivity in Purkinje cells. In the mouse, Atm expression is highest in the embryonic nervous system (Soares et al., 1998) . During Purkinje cell neurogenesis, Atm is highly expressed in the area containing Purkinje cell precursors, whereas in the postnatal cerebellum Atm expression in these cells is low. Recent data also demonstrate that Atm is essential for the normal development and differentiation of adult neural progenitor cells (Allen et al., 2001) . Cells of the dentate gyrus of AtmϪ/Ϫ mice showed significantly decreased survival compared with wild-type mice. Furthermore, neural progenitor cells from Atm Ϫ / Ϫ mice were less able to respond to environmental cues that promote neural differentiation. Our failure to observe any survival of Purkinje neurons from Atmdeficient mice when cultured in serum-free medium together with poor survival and differentiation in serum-supplemented medium further highlights the importance of Atm in the response to survival stimuli. A broader role for ATM is also evident in other cell types. A-T fibroblasts exhibit a greater demand for growth factors (Shiloh et al., 1982) . A-T cells are deficient in the transmission of mitogen-mediated signals from the cytoplasm to the nucleus (O'Connor and Linthicum, 1980) , and these cells are defective in the mobilization of intracellular Ca 2ϩ in response to different stimuli (Kondo et al., 1983; Khanna et al., 1997) .
Various oxidants are generated in the cell during normal metabolism, and there is evidence that some of these modulate different signaling pathways (Nemoto et al., 2000; Pearce and Humphrey, 2001 ). Yermolaieva et al. (2000) have described oxidative potentiation of neuronal excitability and Ca 2ϩ signaling, linking neuronal development factors such as nitric oxide with neuronal differentiation; however, when there is an imbalance between generation of reactive oxygen species and capacity of antioxidants to neutralize their damaging effects, oxidative stress results (Przedborski and Schon, 1998) . Oxidative stress has been linked to the pathogenesis of a number of neurodegenerative disorders (Hogg, 1998; Miranda et al., 2000) . Agents such as nitroxides that counter oxidative stress have potential as protectors of neuronal function. Significant attenuation of staurosporine-induced neurotoxicity has been reported for EUK-134 and EUK-189, two synthetic superoxide dismutase-catalase mimetics (Pong et al., 2001) . The former antioxidant has also been shown to be successful in protecting dopaminergic neurons against oxidative damage (Pong et al., 2000) , and it also attenuates kainic acid-induced neuropathology (Rong et al., 1999) . Early observations on abnormal oxidation of macromolecules in A-T patients together with hypersensitivity to agents that induce oxidative stress led Rotman and Shiloh (1997) to propose that oxidative stress might contribute to the A-T phenotype. The data described in this report, where the isoindoline nitroxide CTMIO protects cultured Purkinje cells against death and enhances differentiation, together with several recent reports, adds considerable substance to the involvement of oxidative stress in the A-T phenotype. Pathways that respond to genotoxic stress are elevated in A-T cells and can be reversed by antioxidants (Gatei et al., 2001 ). In addition, the cerebellum, which undergoes pathological changes in A-T patients and in Atm-deficient mice, is a target for oxidative damage (Barlow et al., 1999; Kamsler et al., 2001; Stern et al., 2002) . Consistent with these findings, Quick and Dugan (2001) have described increased reactive oxygen species in the cerebellum and striatum of Atm Ϫ / Ϫ mice compared with wild type. They detected elevated superoxide levels in cerebellar Purkinje cells. Constitutive activation of the activation protein-1 (AP-1) pathway and gradual loss of ability to activate AP-1 DNA binding activity after irradiation in brains from Atm-deficient mice also point to a continuous state of stress in these animals (Weizman et al., 2003) . At this stage it is not clear why oxidative stress arises in A-T cells and tissues. The presence of unrepaired double strand breaks in DNA caused by the absence of Atm might lead to a perturbation of metabolism and alteration in redox state. Stern et al. (2002) have reported reductions in pyridine nucleotides, specifically in the cerebellum of Atm-deficient mice, that could lead to alterations in cellular homeostasis. Alternatively, ATM may be responsible for controlling oxidative stress pathways by gene induction or protein modification and activation, and its loss would give rise to deregulation of those pathways, resulting in oxidative stress. It has been reported that astrocytes provide var- , and Atm-⌬ SRI/ ⌬ SRI homozygous mice cerebella sections for 3-nitrotyrosine. Cerebella were isolated from 2-monthold mice treated or untreated with CTMIO antioxidant and fixed in paraformaldehyde; 5 M sections were prepared and incubated with anti-nitrotyrosine antibody and HRP-linked secondary antibody. CTMIO was administered intraperitoneally to pregnant female mice at 3 d intervals throughout pregnancy and during weaning. Thereafter CTMIO (100 M) was added to the drinking water.
ious trophic factors and anti-oxidative components to neurons (Furuya et al., 2000; Wang and Cynader, 2001) . The observation that Purkinje call survival of Atm-deficient mice is partially reversed by the presence of nitroxide or astrocytic-conditioned medium suggests that loss of ATM function results in a reduced ability of astrocytes to protect surrounding Purkinje cells against oxidative stress. The effectiveness of nitroxide in providing protection in young mice is good evidence that the oxidative stress in A-T cells is not merely an in vitro phenomenon. The low toxicity of this compound and its ability to provide in vivo protection suggest that it has potential for use in clinical trials to at least reduce the rate of progression of the neurodegeneration in patients.
